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REMARKS 

I Status Summary 

Claims 1-60 are pending in the present application and claims 1-4 are 
currently examined. Claims 5-60 are withdrawn due to restriction requirement. 
Claims 1-4 are herein amended. 

The Examiner has made an objection to claim 4. In addition, claims 2-4 are 
rejected under 35 USC § 112, second paragraph, as allegedly being indefinite. 
Claims 1-4 are rejected under 35 USC § 112, first paragraph, as allegedly failing to 
enable a person of skill in the art to use the invention and allegedly failing to 
adequately describe that the inventors had possession of the invention at the time of 
filing. 

IL Claim Amendments 

Claim 1 has been amended as follows: "An isolated and purified biologically 
active heparan sulfate 3-0-sulfotransferase 5 polypeptide having greater than 95% 
seguence identitv to SEQ ID NO 2 ". Support for this amendment can be found 
throughout the claims and specification as filed and, in particular, at page 21, lines 
15-20 of the specification. Accordingly, no impermissible new matter has been 
added by this claim amendment. 

Claim 2 is amended at part (b) to recite 95% rather than 90% sequence 
identity. Support for this amendment can be found throughout the claims and 
specification as filed and, in particular, at page 21, lines 10-15 of the specification. 
Claim 2 is further amended by deletion of parts (d) and (e) and has been converted to 
a Markush-type format. Accordingly, no impermissible new matter has been added 
by this claim amendment. 

Claim 3 is amended to recite "the polypeptide is a human heparan sulfate 3-0- 
sulfotransferase 5 polypeptide" rather than the polypeptide "comprises" a human 
heparan sulfate 3-0-sulfotransferase 5 polypeptide. Accordingly, no impermissible 
new matter has been added by this claim amendment. 
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Claim 4 Is amended such that the use of the term "modified" is specifically 
recited to relate back to the polypeptide. Accordingly, no impermissible new matter 
has been added by this claim amendment. 

ilL Response to Objections to the Claims 
Claim 4 has been objected to as being improper for being awkward by not 
using the term "modified" such that it specifically relates back to the term 
"polypeptide". Claim 4 is herein amended such that the use of the term "modified" is 
specifically recited to relate back to the polypeptide. Accordingly, the objection has 
been obviated by amendment. 

IV. Response to the Reiections under 35 U.S.C. S 1 12. Second Paragraph. 

Claims 2-4 are rejected under 35 USC § 112, second paragraph, for allegedly 
failing to particularly point out and distinctly claim the subject matter. In response, 
claim 3 has been amended to recite "the polypeptide is a human heparan sulfate 3- 
0-sulfotransferase 5 polypeptide" rather than the polypeptide "comprises" a human 
heparan sulfate 3-0-sulfotransferase 5 polypeptide. 

With respect to claim 2, Applicants respectfully disagree with the rejection and 
submit that the original claim is not unclear, as it is accurately written in a standard 
alternative drafting format easily understood by one of skill in the art. However, in 
order to facilitate prosecution of the application, claim 2 is herein amended to a 
Markush-type format thereby rendering this rejection moot. Applicants note for the 
record that no subject matter has been surrendered by the amendment of claim 2 
from an alternative format to Markush-type format. With respect to claim 4, 
Applicants respectfully disagree with the rejection and submit that the original claim is 
not unclear, as one of ordinary skill in the art would understand what is meant by 
"modified to be in detectably labeled form". For example, it is standard procedure in 
the art to label a polypeptide to facilitate detection, such as by any number of 
procedures including, but not limited to, modification with affinity, fluorescent or 
radioactive labels. Applicants respectfully submit that one of ordinary skill in the art 
would understand what is meant by claim 4 and the claim is therefore not unclear. 
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Accordingly, Applicants respectfully submit that the § 112, second paragraph, 
rejections of claims 2-4 have been overcome and request withdrawal of the rejection 
of claims 2-4, as amended. 

y. Response to the Rejections under 35 U.S.C. S 112. First Paragraph 
Claims 1-4 are rejected under 35 USC § 112, first paragraph, for allegedly 
failing to comply with the written description and enablement requirements. Although 
Applicants believe the claims are fully enabled and have adequate written 
description, in order to expedite prosecution of the pending application, claims 1-4 
are amended herein. 

With respect to amended claims 1-4, Applicants respectfully assert that for the 
reasons described in detail below, one of ordinary skill in the art at the time of filing of 
the priority application would have recognized that Applicants were in possession of 
the isolated biologically active 3-0-sulfotransferase 5 (3-OST-5) polypeptides of 
amended claims 1-4. The instant specification allows a person of ordinary skill in the 
art to recognize the polypeptides that are being claimed, and recognition of what is 
being claimed suffices for compliance with the written description requirement. 
Therefore, Applicants respectfully assert that amended claims 1-4 are adequately 
supported by the instant application, and respectfully request that the rejection under 
35 USC § 1 12, first paragraph, be withdrawn. 

To satisfy the written description requirement, the applicant must convey to the 
skilled artisan that, as of the filing date sought, the applicant was in possession of the 
invention. See Falkners/. Inglis, 448 F.3d 1357,79 u.S.P.Q.2d 1001, 1007 (Fed. Cir. 
2006) (citing Vas-Cath, Inc. v. Mahurkar, 935 F.2d 1555, 1563-64, 19 U.S.P.Q.2d 
1111 (Fed. Cir. 1991). Applicants provide a full description of the 3-OST-5 
polypeptide of SEQ ID NO 2, conveying to the skilled artisan that they were in 
possession of the 3-OST-5 polypeptide of SEQ ID NO 2. Further, Applicants also 
convey with this information that they were in possession of all nucleic acids 
encoding the 3-OST-5 polypeptide of SEQ ID NO 2. See In re Wallach, 71 
U.S.P.Q.2d 1939 (Fed. Cir. 2004) (holding that the state of the art in molecular 



-14- 



Application Serial No.: 10/520,341 

biology has developed such that a complete amino acid sequence of a particular 
protein puts an inventor in possession of a genus of DNA sequences encoding it). 

Further, Applicants convey to the skilled artisan that they were in possession 
of a genus of biologically active 3-OST-5 polypeptides having greater than 95% 
sequence identity to SEQ ID NO 2, encoded by a nucleic acid sequence having 
greater than 95% sequence identity to SEQ ID NO 1 or encoded by a nucleic acid 
molecule capable of hybridizing under stringent conditions to a nucleic acid molecule 
comprising the nucleotide sequence of SEQ ID NO 1 , or a complement thereof. The 
Patent Office contends that a genus may be described by reference to a 
representative number of species within the genus sufficient to reasonably convey to 
the skilled artisan that Applicants were in possession of the claimed invention. See 
Official Action, page 5. The Patent Office further contends that the representative 
number of species can be sufficiently described by other relevant identifying 
characteristics, specific features and functional attributes that would distinguish 
different members of the claimed genus. See Official Action, page 5. Applicants 
provide such relevant identifying characteristics, specific features and functional 
attributes that distinguish different members of the claimed genus of biologically 
active 3-OST-5 polypeptides. 

For example. Applicants provide a detailed description of the functional 
characteristics of 3-OST-5 polypeptides. This is in contrast to the allegation by the 
Patent Office at page 6 of the Official Action that the specification fails to demonstrate 
an assay specific for 3-OST-5 activity. Functional assays for 3-OST-5 polypeptide 
activity are provided in the specification at the Examples in the form of details for 
determining the substrate specificity and biological activities of 3-OST-5 isozymes. 
The Examples describe the differences in activity between the 3-0ST-1, 3-OST-3 
and 3-OST-5 isozymes. For example, the differences in binding to HSV-1 
glycoprotein D (gD) and antithrombin (AT) of heparin sulfate (HS) modified by each of 
the 3-0ST-1, 3-OST-3 and 3-OST-5 isozymes are shown in Tables 3 and 7. The 
differences in the HS products resulting from enzymatic modification by each of the 
3-0ST-1 , 3-OST-3 and 3-OST-5 isozymes and the differences in biological activity of 
the various products formed are shown in Table 4. Accordingly, the specification 
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provides assays for selectively measuring 3-OST-5 isozyme activity, for example, by 
measuring the HS products formed by 3-OST-5 (3-OST-5 produces ldoUA2S- 
AnManSS, GlcUA-AnMan3S6S, and ldoUA2S-AnMan3S6S whereas 3-OST-3 
produces ldoUA2S-AnMan3S and ldoUA2S-Anl\/lan3S6S and 3-0ST-1 produces 
GlcUA-AnMan3S6S) or by measuring the binding of HS modified by 3-OST-5 to AT 
and gD (3-OST-5-modified HS binds to AT and gD whereas 3-0ST-1 -modified HS 
binds preferably to AT and 3-OST-3-modified HS binds preferably to gD). See, 
Instant Specification, pages 16-17, lines 28-32 and 1-10, respectively. Therefore, the 
assays for measuring function would have allowed a person of ordinary skill in the art 
to recognize the genus of polypeptides being claimed, and recognition of what is 
being claimed suffices for compliance with the written description requirement. 

In addition to measurable functional characteristics. Applicants provide 
identifying structural characteristics of the genus of biologically active 3-OST-5 
isozymes. Specifically, Applicants provide that the genus of polypeptides have 
greater than 95% sequence identity with SEQ ID NO 2, be encoded by a nucleic acid 
sequence having greater than 95% sequence identity to SEQ ID NO 1 or be encoded 
by a nucleic acid molecule capable of hybridizing under stringent conditions to a 
nucleic acid molecule of SEQ ID NO 1. The Federal Circuit in Enzo Bioctiem Inc. v. 
Gen-Probe Inc., 296 F.3d 1316,63 U.S.P.Q.2d 1609 (Fed. Cir. 2002) held that a 
description of functional characteristics of a claimed compound, coupled with a 
known or disclosed correlation between function and structure, may adequately 
describe a claimed invention. See Enzo, 63 U.S.P.Q.2d at 1613 (emphasis in 
original); cf In re Robins, 429 F.2d 452,166 U.S.P.Q. 552, 555 (C.C.P.A. 1970) 
("Mention of representative compounds encompassed by generic claim language 
clearly is not required by §112 or any other provision of the statute."). The Enzo 
Court specifically stated that a compound may be adequately described by "stringent 
hybridization" to a known sequence because "such conditions dictate that all species 
within the genus will be structurally similar." Enzo, 63 U.S.P.Q.2d at 1615. 
Applicants provide such a description of the structural similarity of 3-OST-5 
polypeptides coupled with functional characteristics and a known correlation between 
function and structure. 
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Applying the Enzo principles to the present case, the claimed genus of 
biologically active 3-OST-5 polypeptides are structurally related. Just like nucleic 
acids that hybridize under high stringency to a known sequence are structurally 
similar (see Enzo above); it reasonably follows that the proteins encoded by the 
nucleic acids are also structurally related. Likewise, polypeptides having greater than 
95% sequence identity to a known sequence are highly structurally related to the 
known sequence. Therefore, the claimed genus of 3-OST-5 polypeptides having 
greater than 95% sequence identity to SEQ ID NO 2, encoded by a nucleic acid 
having greater than 95% sequence identity to SEQ ID NO 1 or encoded by a nucleic 
acid molecule capable of hybridizing under stringent conditions to a nucleic acid 
molecule of SEQ ID NO 1 are structurally similar. 

In view of the known correlation between protein structure and function, it 
reasonably follows that structurally similar proteins are also functionally related. The 
protein structure-function relationship can be illustrated by the 3-OST isozymes in the 
instant case. For example, the 3-0ST-1, 3-OST-3 and 3-OST-5 isozymes have 
similar activities in that they all attach sulfate to heparin sulfate. However, the 
isozymes show differences in substrate preference, which manifests in different 
biological functions. See, for example, the specification at pages 16-17, lines 28-32 
and 1-10, respectively. The 3-0ST-1 and 3-OST-3 isozymes are 72% and 58% 
identical, respectively, to the 3-OST-5 isozyme in the sulfotransferase domain. See, 
Instant Specification, page 16, lines 14-16. Given that the 3-0ST-1 and 3-OST-3 
isozymes have similar activity to 3-OST-5 but a relatively low degree of sequence 
identity (72% and 58%, respectively), the claimed genus of polypeptides having 
greater than 95% sequence identity to 3-OST-5 can be expected to have even 
greater functional similarity. 

In light of the foregoing, the claimed genus of biologically active 3-OST-5 
polypeptides is adequately described by reference to the single example of the 
protein of SEQ ID NO 2. Applicants provide measurable identifying functional 
characteristics of the claimed genus of biologically active 3-OST-5 polypeptides, the 
claimed genus of polypeptides is structurally similar to the 3-OST-5 polypeptide of 
SEQ ID NO 2, and there is a known correlation between polypeptide structure and 



-17- 



Application Serial No.: 10/520,341 

function. Therefore, Applicants have provided sufficient written description of the 
claimed genus of biologically active 3-OST-5 polypeptides and the rejection under 35 
U.S.C. § 112, first paragraph, on the basis of a lack of written description, should be 
withdrawn. 

Applicants further submit that the instant rejection of a genus of highly 
structurally related polypeptides where there is a disclosed assay for measuring 
function is believed to be in conflict with at least one non-binding decision of the 
Board of Patent Appeals and Interferences, Ex parte Jon Elliot Adier, Appeal No. 
2006-0157 (2006) (hereinafter "AdIer"; Exhibit A). One question at issue in the Adier 
case was whether a claimed genus of nucleotide sequences encoding bitter taste 
receptors met the requirements of 35 USC § 112, first paragraph. The Board of 
Patent Appeals and Interferences in Adier held as being adequately described and 
enabled, claims to nucleotide sequences encoding bitter taste receptor polypeptides 
having at least 95% sequence identity to a specific bitter taste receptor polypeptide 
or that hybridize under stringent conditions to a specific nucleotide sequence 
encoding the bitter taste receptor. 

In the Adier case, the Examiner's rejection under 35 U.S.C. § 112, first 
paragraph, was stated as follows: "the claims encompass polynucleotides not 
described in the specification, e.g., mutated sequences, allelic variants, or sequences 
that have a recited degree of identity. None of these sequences meet the written 
description provision of 35 U.S.C. § 112, first paragraph." In its response, the court 
cited Enzo for the proposition that "the written description can be met by showing . . . 
relevant identifying characteristics . . . i.e., complete or partial structure, other 
physical and/or chemical properties, functional characteristics when coupled with a 
known or disclosed correlation between function and structure, or some combination 
of such characteristics." Ex parte Jon Elliot Adier ciWng Enzo, 63 U.S.P.Q.2d at 1613 
(emphasis omitted). In its holding, the Board of Patent Appeals and Interferences 
stated: "The claims are limited to nucleic acids that hybridize under stringent 
conditions to SEQ ID N0:7 or that encode polypeptides at least 95% identical to SEQ 
ID N0:8. Thus, the claimed nucleic acids will necessarily have a high degree of 
structural similarity to SEQ ID N0:7 . . .". The court went on further to say that while 
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the specification did not allow those skilled in the art to know without testing which of 
the hybridizing or 95% identical sequences would encode polypeptides with the 
receptor function, the disclosure in the specification of an assay that could be used 
by one skilled in the art to determine function was sufficient written description for the 
claims to be found allowable. 

The facts in the instant application are very close to those in Adier. The claims 
are similarly drawn to 3-OST-5 polypeptides having greater than 95% sequence 
identity to a specific 3-OST-5 polypeptide sequence, and an assay is provided in the 
instant specification for detecting 3-OST-5 activity. Applicants provide measurable 
identifying functional characteristics of the claimed genus of biologically active 3- 
OST-5 polypeptides, the claimed genus of polypeptides is structurally similar to the 3- 
OST-5 polypeptide of SEQ ID NO 2, and there is a known correlation between 
polypeptide structure and function. Therefore, the genus of biologically active 3- 
OST-5 polypeptides encompassed by amended claims 1-4 is adequately described 
by reference to the specific protein of SEQ ID NO 2. See Enzo, 63 U.S.P.Q.2d at 
1615. The Patent Office has not shouldered its burden of presenting evidence to the 
contrary. See In re Detiker, 977 F.2d 1443, 1445, 24 U.S.P.Q.2d 1443, 1444 (Fed. 
Cir. 1992). The elements of a high level of structural similarity and assays for 
measuring function would have allowed a person of ordinary skill in the art to 
recognize the genus of polypeptides being claimed, and recognition of what is being 
claimed suffices for compliance with the written description requirement. 
Accordingly, Applicants have provided sufficient written description of the claimed 
genus of biologically active 3-OST-5 polypeptides and respectfully request withdrawal 
of the rejection under 35 U.S.C. § 112, first paragraph, on the basis of a lack of 
written description. 

Applicants similarly disagree with the Patent Office's rejection of claims 1-4 on 
the basis of a lack of enablement under 35 U.S.C. § 1 12, first paragraph. The Patent 
Office appears to be alleging that the specification enables only a nucleic acid 
encoding the 3-OST-5 polypeptide of SEQ ID NO 2. Applicants respectfully submit 
that the specification enables at least the genus of biologically active and structurally 
related 3-OST polypeptides of amended claims 1-4. Enablement is detennined by 
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weighing several factors to determine whether undue experimentation would be 
required to make or use the claimed invention. See In re Wands, 858 F.2d 731, 736; 
8 U.S.P.Q.2d 1400, 1404 (Fed. Cir. 1988). The amount of experimentation to 
practice the full scope of the claimed invention is not undue, if the experimentation Is 
routine in nature and the techniques necessary to perform the experimentation are 
well known to the skilled artisan. See, e.g., Johns Hopkins Univ. v. Cellpro, Inc., 152 
F.3d 1342, 1360; 47 U.S.P.Q.2d 1705. 1719 (Fed. CIr. 1998) ("test [for undue 
experimentation] is not merely quantitative ... if It Is merely routine"); Falknery. Inglis, 
448 F.3d 1357; 79 U.S.P.Q.2d 1001 (Fed. Cir. 2006) ("The person of ordinary skill In 
the art would cleariy have possessed such knowledge, and given the ready 
accessibility of the journals, the absence of incorporation by reference is not 
problematic."); Hybritech Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384; 
231 U.S.P.Q. 81, 94 (Fed. Cir. 1986) (A "patent need not teach, and preferably omits, 
what Is well known In the art."). As provided in In re Wands, the experimentation 
required to make and use the genus of biologically active 3-OST-5 polypeptides of 
amended claims 1-4 Is not undue, as It is routine In nature. Further, required 
techniques are well known to the skilled artisan, and/or are disclosed in the instant 
application. 

For example, in the present case, undue experimentation would not be 
required to make and use a 3-OST-5 polypeptide having greater than 95% sequence 
identity to SEQ ID NO 2 or encoded by a nucleic acid molecule capable of hybridizing 
under stringent conditions to a nucleic acid molecule of SEQ ID NO 1, because 
amino acid alterations can be made to the proteins having the sequence of SEQ ID 
NO 2 by standard molecular biological procedures Including, for example, 
oligonucleotide-dlrected mutagenesis, and procedures for performing stringent 
hybridizations are well known In the art. The present disclosure provides the 
complete sequence of nucleic acids encoding the protein of SEQ ID NO 2, so the 
experimentation required to make a mutation to the encoding nucleic acids Is routine. 
In addition, Applicants provide assays to determine whether the modified protein 
possesses 3-OST-5 activity. See, e.g., Instant Specification, Examples 2-9. It would 
be routine for one of ordinary skill in the art to perform the detailed assays provided In 
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the specification for measuring 3-OST-5 activity. Further, guidance to make the 
appropriate amino acid modifications is provided by the sequence comparison in 
Figure 2 showing conserved and less conserved regions between the 3-OST 
isozymes, 3-0ST-1 , 3-OST-3A, 3-OST-3B and 3-OST-5. 

The skilled artisan further appreciates that limited amino acid alterations, e.g., 
a single amino acid modification, generally can be made with a reasonable 
expectation of maintaining protein function. Gassner et a!., Proc. Nat'l Acad. Sci 
USA 93: 12155-58 (1996); (hereinafter "Gassner et al."; (Appendix A)) reveals that 
considerable (up to 10) amino acid alterations can be made even to the tightly 
packed core of a globular protein without eliminating activity or folding of the protein. 
Wells, Biochemistry 29: 8509-17 (1990) (hereinafter "Wells"; (Appendix B)) discloses 
that the free energy changes in mutant proteins generally are additive with increasing 
numbers of amino acid mutations. Wells shows that proteins generally function when 
they have single, or even multiple, amino acid changes. Wells states: "[R]emoval of 
a single molecular contact by a point mutation causes relatively small reductions 
(typically 0.5-5 kcal/mol) in the free energy of transition-state destabilization, protein- 
protein interactions, or protein stability compared to the overall free energy 
associated with these functional properties (usually 5-20 kcal/mol)." Wells, page 
8509, left col. (citations omitted). This means that a protein typically can be modified 
at one or several amino acid positions without loss of its functional properties. Wells 
also concludes that the effect of most mutations on structure is highly localized, and 
thus less likely to affect function. Wells, page 8516, left col. 

In the present case, as evidenced by Gassner et al. and Wells, for example, 
the proteins with altered sequences that are encompassed by amended claims 1-4 
would be reasonably expected to retain biological function. In any case, the variant 
polypeptides without biological activity could be identified with routine 
experimentation. 35 U.S.C. § 112, first paragraph, does not require disclosure of a 
test with every species covered by a claim, even in an unpredictable art. In re 
Angstadt. 537 F.2d 498, 502, 190 U.S.P.Q. 214, 218 (C.C.P.A. 1976). Further, some 
experimentation to determine which embodiments encompassed by the claims will 
work is permitted without the experimentation being undue in nature. See Angstadt, 
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190 U.S.P.Q. at 218; Wands. 858 F.2d 736-37 ("Enablement is not precluded by the 
necessity for some experimentation such as routine screening."). Accordingly, the 
experimentation required to make and use the genus of biologically active 3-OST-5 
polypeptides of amended claims 1-4 is not undue, as it is routine in nature and the 
required techniques are well known to the skilled artisan. 

Furthermore, the routine nature of the experimentation required to practice the 
full scope of the instant claims Is supported by the holding in Alder. As described 
above for written description. In AdIerVne court held as being adequately described 
and enabled, claims to nucleotide sequences encoding bitter taste receptor 
polypeptides having at least 95% sequence identity to a specific bitter taste receptor 
polypeptide or that hybridize under stringent conditions to a specific nucleotide 
sequence encoding the bitter taste receptor. On facts very similar to those in the 
Instant case, the court in Adier found the Examiner had not adequately explained 
why practicing the full scope of the claims would have required undue 
experimentation. The AdIer court found that undue experimentation would not be 
required to make and use the claimed genus of bitter taste receptors. In Its decision, 
the court stated that the specification provides the nucleotide and amino acid 
sequences for the human bitter taste receptor. The court went on to say that the 
specification also discloses an amino acid sequence comparison of twenty three 
human, mouse and rat bitter taste receptors that identifies conserved and less 
conserved regions, thereby providing guidance to those skilled In the art regarding 
what regions are likely to be required for function. According to the /\Gf/er court, it is 
known in the art that changes in conserved regions are more likely to disrupt function 
of the protein than changes in non-conserved regions. Thus, the court stated that the 
AdIer specification guides a skilled worker to areas of the bitter taste receptors that 
are likely to be tolerant to amino acid changes. 

The court In AdIer also pointed out that the specification discloses assays for 
determining whether a particular bitter taste receptor retains the activity of the wild- 
type protein. In its holding, the court based its finding that the Examiner failed to 
show nonenablement by a preponderance of evidence on 1) the prior art providing 
substantial guidance with respect to the direction the experimentation should 



-22- 



Application Serial No.: 10/520,341 

proceed; 2) a process being provided for making and assaying the mutated proteins 
(noting the process "to be routine, if tedious, experimentation"); and 3) the claimed 
genus being limited to variants having 95% or less variation compared to the wild- 
type sequence or hybridizing under stringent conditions to the nucleic acid encoding 
the wild-type protein. 

Similar to the Adier case, the instant specification provides the nucleotide and 
amino acid sequences shown in SEQ ID NOs 1 and 2, corresponding to human 3- 
OST-5. The instant specification also discloses an amino acid sequence comparison 
of the 3-OST-1. 3-OST-3A, 3-OST-3B and 3-OST-5 isozymes showing conserved 
and less conserved regions, thereby providing guidance to those skilled in the art 
regarding what regions are likely to be required for function and less tolerant to amino 
acid changes. See Figure 2. Like in Adler, the instant specification discloses assays 
for determining whether a particular 3-OST-5 polypeptide retains the activity of the 
wild-type protein. See Examples 1-9. Accordingly, like in the Adler case, the 
experimentation required to make and use the genus of biologically active 3-OST-5 
polypeptides of amended claims 1-4 is not undue, as it is routine in nature and the 
required techniques are well known to the skilled artisan. Therefore, amended claims 
1-4 are sufficiently enabled and comply with the requirement of 35 U.S.C. § 112, first 
paragraph. Applicants respectfully request withdrawal of the rejection under 35 
U.S.C. § 112, first paragraph, on the basis of a lack of enablement. 

CONCLUSION 

In light of the above amendments and remarks, it is respectfully submitted that 
the present application is now in proper condition for allowance, and an early notice 
to such effect is earnestly solicited. 

If any small matter should remain outstanding after the Patent Examiner has 
had an opportunity to review the above Remarks, the Patent Examiner is respectfully 
requested to telephone the undersigned patent attomey in order to resolve these 
matters and avoid the issuance of another Official Action. 
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Exhibit A 

The opinion in support of the decision being entered today was not written 
for publication and is not binding precedent of the Board. 

UNITED STATES PATENT AND TRADEMARK OFFICE 

BEFORE THE BOARD OF PATENT APPEALS 
AND INTERFERENCES 

Ex parte JON ELLIOT ADLER 

Appeal No. 2006-0157 
Application No. 09/825,882 

HEARD: March 23. 2006 

Before SCHEINER, MILLS, and GRIMES, Administrative Patent Judges . 
GRIMES, Administrative Patent Judge . 

DECISION ON APPEAL 

This appeal involves claims to nucleic acids encoding a bitter taste receptor. The 
examiner has rejected the claims as lacking utility, non-enabled, and inadequately 
described. We have jurisdiction under 35 U.S.C. § 134. We reverse all of the 
rejections. 
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Background 

"Mammals are believed to have five basic taste modalities: sweet, bitter, sour, 
salty, and umami (the taste of monosodium glutamate)." Specification, page 1. "Each 
taste modality is believed to be mediated by distinct transduction pathways. These 
pathways are believed to be mediated by receptors . . . expressed in subsets of taste 
receptor cells." jd 

The specification discloses a "family of G Protein-Coupled Receptors . . . thought 
to be primarily involved in bitter taste transduction." Page 4. The fiamily of proteins is 
l<nown as the "T2R" family; the nucleic acid sequence of human T2R61 is shown in the 
specification's SEQ ID N0:7 and the encoded amino acid sequent^ is shown in SEQ ID 
N0:8. 

The specification discloses that T2R proteins are useful for, among other things, 
"screening for modulators, e.g., activators, inhibitors, stimulators, agonist, and 

antagonists, of these novel taste-cell-specific GPCRs These methods of screening 

can be used to identify high affinity agonists and antagonists of taste cell activity. These 
modulatory compounds can then be used in the food and pharmaceutical industries to 
customize taste, for example, to decrease or mask the bitter taste of food or drugs." 
Page 9. See also page 3: "Such taste modulating compounds could be useful in the 
pharmaceutical and food industries to improve the taste of a variety of consumer 
products, or to block undesirable tastes, e.g., bitter tastes, in certain products." 
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Discussion 



1. Claim construction 

Claims 158-185 are pending and on appeal. Claims 158 and 159 are 
representative and read as follows: 

158. An isolated nucleic acid molecule encoding a bitter taste receptor selected from 

the group consisting of 

(1) an isolated nucleic acid sequence having the nucleic acid sequence 
contained in SEQ ID N0:7; 

(ii) a nucleic acid sequence that encodes the bitter taste polypeptide 
contained in SEQ ID N0:8; 

(iii) an isolated DNA sequence that hybridizes under stringent hybridization 
conditions to the nucleic acid sequence contained in SEQ ID N0:7 wherein stringent 
hybridization conditions are hybridization in 5 x SSC, 1% SDS, incubated at 65''C and 
wash in 0.2 x 55C and 0.1% SDS at 65^C. wherein said hybridization and wash steps 
are each effected for at least 1 minute, 

159. An isolated nucleic acid molecule encoding a bitter taste receptor polypeptide 
which polypeptide comprises at least 95% identity to the taste receptor polypeptide 
contained in SEQ ID N0:8, wherein sequence identity is determined by any on of the 
BLAST, BLASST 2.0 or PILE UP algorithms. 

Thus, claim 158 is directed to SEQ ID N0:7. another nucleic acid that encodes 
the amino acid sequence of SEQ ID N0:8, or a DNA sequence that hybridizes under 
specified, stringent conditions to SEQ ID N0:7. Claim 169 is directed to a nucleic acid 
that is at least 95% identical to SEQ ID N0:7. Both claims also require that the nucleic 
acids encode functional bitter taste receptors. 

2. Utility 

The examiner rejected claims 158-185 under 35 U.S.C. §§ 101 and 1 12, first 
paragraph, on the basis that the specification does not disclose a patentable utility for 
the claimed nucleic acids. The examiner reasoned that 

[t]he concept of "bitter taste" is known to involve multiple and as yet poorly 

characterized transduction schemes These transduction schemes are 

also thought to involve a large diversity of receptors. , . . The specification 
has given no indication as to which of these [bitter-tasting] compounds is 
expected to bind to and activate SEQ ID N0:8. Without such knowledge, 
the artisan could not use the protein to manipulate any aspect of the 
senses involving taste. 

Examiner's Answer, pages 4-5. The examiner acknowledged that the "specification 
puts forth that the polypeptides are useful for 'representing the perception of taste 
and/or for predicting the perception of taste in a mammal*," "as probes to dissect taste- 
induced behaviors." and "in a screening method to determine what molecules may 
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activate or inhibit the polypeptides," but concluded that "[tjhese proposed uses lack a 
substantial utility, because each of the proposed uses are of a general nature." ii, 
page 5. 

Appellant argues that the evidence of record supports the specification's 
assertion that SEQ ID N0:8 is a bitter taste receptor. See the Appeal Brief, pages 11- 
15, Appellant also argues that "most significantly, and as correctly disclosed in the as- 
filed application, the subject T2R nucleic acid sequences, based in their reasonably 
anticipated . . . functionality as bitter taste receptors can be used in high throughput 
screens to identi[f]y compounds which modulate the activity of this receptor" li, page 
20. 

The U.S. Court of Appeals for the Federal Circuit recently addressed the utility 
requirement in the context of a claim to DNA. See In re Fisher. 421 F.3d 1365, 1371, 
76 USPQ2d 1225, 1229 (Fed. Cir. 2005). The Fisher court held that § 101 requires a 
utility that is both substantial and specific, id. at 1371, 76 USPQ2d at 1229. A 
substantial utility is one that "show[s] that an invention is useful to the public as 
disclosed in its current form, not that it may be useful at some future date after further 
research. Simply put, to satisfy the 'substantial' utility requirement, an asserted use 
must show that that claimed invention has a significant and presently available benefit 
to the public." idL. 76 USPQ2d at 1230. 

A specific utility is one " which is not so vague as to be meaningless." JdL In 
other words, "in addition to providing a 'substantial' utility, an asserted use must show 
that that claimed invention can be used to provide a well-defined and particular benefit 
to the public." id 

When we apply the standards set out in Fisher to the facts of this case, we 
conclude that the examiner's rejection must be reversed. As we understand it, the 
examiner does not dispute that the protein encoded by the claimed nucleic acids is a 
bitter taste receptor, but contends that those skilled in the art could not use the protein 
for any specific and substantial way without first knowing what compounds were bound 
by it. 

We find this position untenable. The specification discloses that the T2R61 
protein can be used in screening assays to identify compounds that bind the protein. 
Given the undisputed characterization of the protein as a bitter taste receptor, it seems 
reasonable to expect that some of those compounds would be antagonists that would 
block the perception of bitter taste by the receptor. As Chandrashekar^ put it, "the 
identification of human bitter taste receptors makes it possible to use high-throughput 
screening strategies to identify bitter taste antagonists, and in a small but significant 
way, eliminate bitterness from the world." Page 710. 

This utility is disclosed in the specification (see page 9) and relied on in the 
Appeal Brief (see page 20). It also seems to us to be a "substantial" and "specific" 
utility, as defined by the Rsher court: identifying compounds that can block the bitter 
taste of foods or medicines would seem to provide a significant, presently available, and 
well-defined benefit to the public. 

The examiner bears the initial burden of showing that a claimed invention lacks 
patentable utility. See In re Brana . 51 F.3d 1560, 1566, 34 USPQ2d 1436, 1441 (Fed. 
Cir. 1995). In this case, however, the examiner's explanation of the rejection 
(Examiner's Answer, pages 4-8) does not address this asserted utility. The examiner's 
reasoning does not persuade us that the disclosed utility is inadequate to meet the 
requirements of 35 U.S.C. § 101. We therefore reverse the rejections under 35 U.S.C. 
§§ 101 and 112, first paragraph, based on lack of utility. 

^ Chandrashekar et a!.. 'T2Rs function as bitter taste receptors,'* Cell, Vol. 100, pp. 703-71 1 (2000). 
Chandrashekar was incorporated by reference into the specification. See page 8, lines 14-15. 
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3. Scope of enablement 

The examiner also rejected claims 158, 159. and 164-185 under 35 U.S.C. 
§112, first paragraph, on the basis that "the specrfication does not enable any person 
skilled in the art to make and use the invention commensurate in scope with these 
claims." Examiner^s Answer, page 8. The examiner noted that these claims 
"encompass polynucleotides encoding polypeptide variants of the polypeptide of SEQ 
ID N0:8[;] i.e., substitutions, deletions or insertions." Jd.. pages 8-9. The examiner 
reasoned "the specification has failed to teach one of ordinary skill in the art which 
amino acid substitutions, deletions or insertions to make that will preserve the structure 
and function of the protein, that "no particular ligand has been disclosed to bind and 
activate the protein, so the artisan would not know how to test variants for functionality," 
that the specification provides no working examples of T2R61 variants, and that the 
prior art (including Chandrashekar) "recognizes the complexity, unpredictability, and 
non-routine nature of the work involved in trying to assay functional T2R receptors, [d^, 
pages 9-1 1 . The examiner concluded that undue experimentation would be required to 
make and use the claimed variants. 

Appellant argues that the claimed genera are limited to nucleic acids with a high 
degree of similarity to SEQ ID N0:7 or encoding a protein very similar to SEQ ID N0:8, 
that such can be made or isolated routinely, and that the specification "provides 
substantial information relating to T2R assays that would enable one skilled in the art to 
screen these variant hT2R61 nucleic acid sequences and identilfjy those variants that 
are functional, i.e., bind the same bitter ligands which specifically interact with wild-type 
hT2R61 polypeptide." Appeal Brief, pages 25-27. 

"[T]o be enabling, the specification of a patent must teach those skilled in the art 
how to make and use the full scope of the claimed invention without 'undue 
experimentation."^ In re Wright . 999 F.2d 1557, 1561, 27 USPQ2d 1510, 1513 (Fed. 
Cir. 1993), "That some experimentation may be required is not fatal; the issue is 
whether the amount of experimentation required is 'undue.*" In re Vaeck . 947 F,2d 488, 
495, 20 USPQ2d 1438, 1444 (Fed. Cir. 1991). Whether the amount of experimentation 
required is undue is determined by reference to the well-known Wands factors. See In 
re Wands . 858 F.2d 731. 737, 8 USPQ2d 1400, 1404 (Fed. Cir. 1988). 

In this case, we agree with Appellant that the examiner has not shown, by a 
preponderance of the evidence, that practicing the full scope of the claims would have 
required undue experimentation. The examiner's position rests in part on the lack of 
guidance in the specification regarding amino acids in T2R61 can be altered or deleted 
without affecting its function. 

It is true that the specification does not teach, in so many words, which amino 
acids are critical to T2R61 function. However, the specification does provide substantial 
guidance to those skilled in the art. The specification provides the nucleotide and amino 
acid sequences shown in SEQ ID Nos:7 and 8. which correspond to human T2R61. 
The specification also incorporates by reference the sequence comparison disclosed by 
Adler.^ Adier provides a sequence comparison of twenty-three human, mouse, and rat 
T2R amino acid sequences. The comparison does not include human T2R61 but the 
examiner has given us no reason to think that a person skilled in the art could not apply 
the same techniques used by AdIer to the T2R61 sequence disclosed in the instant 
specification. 

Adier's sequence comparison identifies each of the seven transmembrane (TM) 
domains, and shows conserved regions between TM1 and TM2, between TM3 and 
TM4, and between TM5 and TM6. By comparison, the regions between TM2 and TM3. 
between TM4 and TM5, and between TM6 and TM7 are much less conserved. Such 

^ Adler et al., "A novel family of mammalian taste receptors/' CeH, Vol. 100, pp. 693-702 (2000) Adler 
was Incorporated by reference into the specification. See page 8, lines 13-15. 



Exhibit A 

sequence comparisons provide guidance to those skilled in the art regarding what 
regions of the T2R proteins are likely to be required for function: changes in conserved 
regions are more likely to disrupt function of the protein than changes in non-conserved 
regions. Thus, Adier guides a skilled worker to areas of T2R61 that are likely to be 
tolerant of amino acid changes. 

The specification also discloses assays for determining whether a T2R61 variant 
retains the activity of the wild-type protein. See pages 50-65 (discussing numerous 
assays to test for binding of a T2R receptor to putative taste modifiers). Chandrashekar 
provides evidence that such assays identify functional bitter taste receptors. See the 
abstract: "[W]e use a heterologous expression system to show that specific T2Rs 
function as bitter taste receptors. A mouse T2R (mT2R-5) responds to the bitter tastant 
cycloheximide, and a human and a mouse receptor (hT2R-4 and mT2R-8) responded to 
denatonlum and 6-n-propyl-2-thiouracil." 

Finally, Appellant has presented post-filing evidence, which the examiner has 
considered (Examiner's Answer, page 17), that confimi that the methods disclosed in 
the specification demonstrate that hT2R61 intereacts with several compounds that elicit 
a bitter taste. See the evidence attached to the Appeal Brief as Exhibit 3. 

On the facts of this case, we must agree with Appellant that the examiner has not 
adequately explained why practicing the full scope of the claims would have required 
undue experimentation. The prior art, which was incorporated by reference into the 
specification, provides substantial guidance with respect to the direction the 
experimentation should proceed. The process of making and assaying mutated 
proteins would appear to be routine, if tedious, experimentation. The claims are limited 
to variants having 5% or less variation compared to SEQ ID N0:8 and those hybridizing 
to SEQ ID N0:7 under stringent conditions. In view of these factors, we cannot say that 
the examiner has shown nonenablement by a preponderance of the evidence. The 
rejection of claims 158, 159, and 164-185 for lack of enablement is reversed. 
4. Written description 

The examiner also rejected claims 158, 159, and 164-185 under 35 U.S.C. 
§ 1 12, first paragraph, on the basis that "the claims encompass polynucleotides not 
described in the specification, e.g., mutated sequences, allelic variants, or sequences 
that have a recited degree of identity. None of these sequences meet the written 
description provision of 35 U.S.C. § 1 12, first paragraph." Examiner's Answer, page 12. 
The examiner reasoned that 

[t]he specification has not provided a particular essential feature, either a 
functional or structural feature, that the claimed genus of polynucleotides 
possess. The recitation of the property of hybridization does not, alone, 
provide sufficient information regarding the structure of the claimed 
polynucleotide variants. Further, most of these variants are expected to 
encode polypeptides having an amino acid sequence different than that of 
S|EQ ID N0:8 and thus having different structural and functional 
properties. 

The examiner "bears the initial burden ... of presenting a prima facie case of 
unpatentability; In re Oetiker . 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 
1992). Insofar as the written description requirement is concerned, that burden is 
discharged by 'presenting evidence or reasons why persons skilled in the art would not 
recognize in the disclosure a description of the invention defined by the claims.'" In re 
Alton. 76 F.3d 1168, 1175, 37 USPQ2d 1578. 1583 (Fed. Cir. 1996). 

Several recent decisions of the U.S. Court of Appeals for the Federal Circuit have 
addressed the written description of inventions involving DNA. In Universitv of 
California v. Eli Lilly and Co. . the court held that "[a]n adequate written description of a 
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DNA . . . 'requires a precise definition, such as by structure, formula, chemical name, or 
physical properties.'". 119 F.3d 1559, 1566, 43 USPQ2d 1398, 1404 (Fed. Cir. 1997). 
Where a genus of DMAs was claimed, as here, the yUy court noted that those skilled in 
the art can "visualize or recognize the Identity of the members of [a fully described] 
genus" and held that "[a] description of a genus of DNAs may be achieved by means of 
a recitation of a representative number of DNAs, defined by nucleotide sequence, falling 
within the scope of the genus or of a recitation of structural features common to the 
members of the genus, which features constitute a substantial portion of the genus." id. 
at 1568. 43 USPQ2d at 1406. 

The court clarified the Eli Lilly standard in Enzo Biochem. Inc. v. Gen-Probe Inc. . 
323 F.3d 956. 964, 63 USPQ2d 1609, 1613 (Fed. Cir. 2002). The Enzo court adopted 
the standard that "the written description requirement can be met by 'show[ing] that an 
invention is complete by disclosure of sufficiently detailed, relevant identifying 
characteristics . . . i.e.. complete or partial structure, other physical and/or chemical 
properties, functional characteristics when coupled with a known or disclosed correlation 
between function and structure, or some combination of such characteristics.'" Id, at 
964, 63 USPQ2d at 1613 (emphasis omitted, bracketed material in original). 

Finally, the court has made clear that other factors, including the level of skill in 
the art, are relevant to whether a description satisfies § 1 12. See Capon v. Eshhar . 
418 F.3d 1349, 1358-59, 76 USPQ2d 1078, 1085 (Fed. Cir. 2005) ("Precedent 
illustrates that the determination of what is needed to support generic claims to 
biological subject matter depends on a variety of factors, such as the existing 
knowledge in the particular field, the extent and content of the prior art, the maturity of 
the science or technology, the predictability of the aspect at issue, and other 
considerations appropriate to the subject matter."). 

When we apply the appropriate legal standard to the facts of this case, we 
conclude that the examiner's rejection must be reversed. The claims are limited to 
nucleic acids that hybridize under stringent conditions to SEQ ID N0:7 or that encode 
polypeptides at least 95% identical to SEQ ID N0:8. Thus, the claimed nucleic acids 
will necessarily have a high degree of structural similarity to SEQ ID NO:7; In other 
words. SEQ ID N0:7 shares something like 95% of its structure with each of the 
claimed nucleic acids. 

Although the specification's disclosure does not allow those skilled in the art to 
know, without testing, which of the hybridizing or 95% similar sequences will encode a 
polypeptide that shares hT2R61's bitter taste receptor function, the specification 
teaches numerous assays that can be used to make that determination. See pages 50- 
65. The prior art Chandrashekar reference provides evidence that carrying out such 
assays was within the level of ordinary skill. See pages 703-707. 

Because the claimed nucleic acids share a large proportion of their structure with 
SEQ ID N0:7 and because assays that are disclosed in the specification and apparently 
routine to those skilled in the art can be used to distinguish between functional and 
nonfunctional embodiments, we conclude that a person of ordinary skill in the art would 
have recognized from the specification's description that the inventors were in 
possession of the claimed nucleic acids. The rejection of claims 158, 159, and 164-185 
for lack of adequate written description is reversed. 
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Summary 



We conclude that the evidence of record does not support the rejections for lack 
of utility, nonenablement, and lack of adequate written description. The rejections on 
appeal are reversed. 

REVERSED 



TONI R. SCHEINER 
Administrative Patent Judge 
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Administrative Patent Judge 
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Administrative Patent Judge 
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A test of the ^'jigsaw puzzle" model for protein folding by 
multiple methionine substitutions within the core of T41y80zyme 
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ABSTRACT To lest whether the structure of a protein is 
determined In a manner akin to the assembly of a Jigsaw 
puzzle, up to 10 atU&cent residues within the cor« of T4 
lysozyme were replaced by methionine. Such variants m 
active and fold cooperatively with progressively reduced sta* 
bility. The structure of a seven>methlonine variant has been 
shown, crystallographically, to be similar to wild type and to 
maintain a well ordered core. The interaction between the core 
residues is, therefore, not strictly comparable with the precise 
spatial complementarity of the pieces of a Jigsaw puzzle. 
Rather, a certain amount of give aod take in forming the core 
structure is permitted. A simplified hydrophobic core se- 
quence, imposed without genetic selection or computer*based 
design, is sufficient to retain native properties in a globular 
protein. 



The cores of globular proteins consist of buried, primarily 
hydrophobic, amino acids. Tight packing of the amino acid side 
chains (1) has led to the idea that the size and shape of the 
nonpolar amino acids within the core may constrain or define 
the overall protein fold (2, 3). This *'jigsaw puzzle" model of 
protein folding was originally introduced by Crick (4) as a 
"knobs into holes" description of a-helix packing and has been 
elaborated by Cholhia et al (5), and by Alber and co-workers 
(6). Here the jigsaw puzzle model refers to shape complemen- 
tarity (3), not to the pathway of folding (7). The model is 
supported by the observation that changes in the sizes and 
shapes of residues within the cores of proteins are usually 
destabiliang (8-10). Also in support of the model, the struc- 
tures of a-helical coiled coils appear to be determined by the 
shapes of the buried side chains (6). In contrast with this view, 
it has been shown that alternative core sequences that lead to 
viable proteins could be selected by random mutagenesis for 
both A-repressor (11) and T4 lysozyme (12). among others (13. 
14). It is possible, however, that a limited number of combi- 
nations of amino acids arc viable and that they are the ones 
identified by the mutagenic selection. Here we explore an 
approach in which there is no selection other than the sites of 
substitution. 



MATERIALS AND METHODS 

We chose methionine as a generic core-replacement residue 
for a combination of reasons. First, a methionine side chain 
occupies roughly the same volume as the frequently observed 
core residues leucine, isoleucine, and phenylalanine. It is, 
however, more flexible and can more readily adapt to occupy 
whatever space might be available. In this sense methionine 
contrasts with the rigid, predetermined shape of a piece of 
a jigsaw puzzle. Methionine also occurs relatively infre- 
quently in known proteins (15). Thus multiple methionine 
substitutions would be expected to substantially change the 
composuion of the core. Finally, we wondered if the irilro- 
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Table 1. Activity and stability of rocthloninc-substimtcd lysozymes 



Mutant 


Activity 
(%) 


AT„ CO 


(kcal/mol) 


Ai/(reO 
(kcal/mol) 


(kcal/mol) 


WT* 


100 




130 


115 




178M 


70 


-3.7 


117 


111 


-1.5 


L84M 


104 


-4.9 


no 


108 


-1.9 


L91M 


96 


-2.0 


125 


115 


-0.8 


L99Mt 


90 


-U 


134 


122 


-0,4 


IIOOM 


105 


-4.5 


125 


121 


-1.6 


V103M 


70 


-3.1 


117 


109 


-1.2 


Ltl8M 


98 


-1.8 


130 


119 


-0.7 


U21M 


87 


-2.1 


129 


119 


-0.8 


L133M 


105 


-1.0 


128 


115 


-0.4 


F153Mt 


87 


-1,6 


128 


116 


-0,6 


7-Met* 


43. 


-14.5 


96 


117 


-5.0 


10-Met* 


«20 


-25 


42 


88 


-73 



The activity was determined as in icf. 28 except at 20'C in 66 mM 
potassium phosphate, pH 6.8, For the 10-Mct mutant, a loss m actwity 
was seen with nrae. Activities were also determined using lysis plates 
(29) and found to be in agreement with the values given in the table. 

Stability measurements (18) were made in 0.1 M sodium chloride/ 

1.4 mM acetic add/8.6 mM sodium acetate, pH 5,42. The melting 
temperature. r«» of WT» lysozyme was 65.rC is the change in 
the r« of the mutant relative to wild type. For the single mutanU. the 
uncertainty in ATb, os ±0.rC; for the mulUple mutants it is ±0.5*t:. 
^{Tm) is the enthalpy of unfolding measured at Tm. The uncertainty 
is i5 kcal/mol. AH(rcf) is the enthalpy of unfolding calculated at the 
reference temperature of 59*C using a constant ACp of 2.5 kcal/ 
mol'deg. AAG is the free energy of unfolding of the mutant relative to 
wild type. AG values were computed at 59*C using a constant ACp of 

2.5 kcal/moMeg. The uncertainty in AAG is ±0.1 kcal/mol for the 
single mutants and :t0.4 kcal/mol for the 7-Met replacement. Because 
of the low value of Aff of the 10-Met mutant, AAG was determined at 
the Tm of the mutant with an estimated uncertainty of about 1 
kcal/mol. 

tMutanU L99M and F153M were described previously (18), 
*The 7-Mcthionjne mutant Includes the substitutions L84M/L91M/ 
L99M/L118M/U21M/L133M/F153M. The 10-Metbionine variant 
includes the additional substitutions I78M/I100M/V103M. The mo- 
lecular masses of these proteins determined by mass spectrometry 
agreed with the theoretical values,' suggesting liule if any oxidization 
of the introduced methionines (data not shown). 

duction of multiple, flexible, amino acids within the core of 
a protein might lead to (he onset of molten dobule charac- 
teristics (16). 

AD sites of substitution are buried within the carbox^- 
terminal domain of T4 lysozyme, and the side chain of eadi 
residue contact? at least one other side chain of the set. The 
10 single-site mutants as well as various multiple-methlonine 
mutants were constructed (17) in cysteine-free pseudo wild- 
type lysozyme, hereafter identified as WT* or wild type (18). 
Activity and stability measurements for the 10 single mutants, 
together with the 7-Met and 10-Met mutants, are listed in 
Table 1. 



RESULTS AND DISCUSSION 
All variants possessed native-like properties. The thermal 
denaluralions of the one- and &cven*tnethionine varianls ate 
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WT* + 7Mrt. ' 


• 
• 






■ 
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m 
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60 




Ro. 1. (a) Comparison of the thermal unfoldiag transition of the aevcn-methlonine mutant with that of wild-type lyEozyme* {h) Slabilirics for 
mutant lysojymes piotted as a funcUon of the number of introduced methionines. The crosses show the stabilities* relative to wild-type» of the single 
mutants and the seven- and 10-mcthionine mutants listed in Table 1. Additional crosses show the stabilities of other multiple-methionhte variants 
thai have been constructed but are not described expUcitly in Table 1 (unpublished results). The triai^es show the sums of the stabilities of the 
smgle mutants that are combined together to obtain a given rottltq)le mutant Two different combfoations of substitutions were used to obtain 4.Mel 
and 6-Met tysozyme& The stabilities of both constructs are included in the figure. 



essentially as cooperative as wild-type, with comparable 
enthalpies of unfolding (Fig. 1<3; Table 1). The 10- 
methionine variant unfolds cooperatively, although the en- 
thalpy is reduced (Table 1). Activity was equal to at least 
20% that of wild type, suggesting that active site structure is 
retained (Table 1). The aromatic circular dlchroism spectra 
of the largest construct, a 10-methionine core variant^ was 
comparable in shape and magnitude to the spectra of wild 
type. The one-dimensional NMR spectrum of the same 
variant had significant chemical shift dispersion (data not 
shown). Taken together these results strongly suggest that 
the 10-Met variant has a well-defined three-dimensional 
structure and is not a molten globule (16). 

Crystals of the 7-Met variant (Table 1) were obtained and 
found to be isomorphous with wild-type fysozyme (18). X-ray 
data to a 1.9-A resolution, 92% complete, were measured at 
room temperature (19. 20). A difference density map (Fig. 2a) 
showed seven well defined positive peaks corresponding to the 
introduction of the electron-dense sulfur at each of the sites of 
substitution as well as negative density where atoms were 
deleted. 

The variant structure (Fig. 3) was refined (21, 22) to a 
crystallographic residual of 15.2% with bond lengths and 
angles within 0.18 A and 3.0° of ideal values and was found to 
be very simUar to wUd type. The coordinates have been 
deposited in the Brookhaven Data Banlc The rool-mean- 
square discrepancy of the main chain atoms within the car- 
boxyl-terminal domain is 0.20 A. In the six cases in which a 
methionine replaced a leucke, the x\ and xi values in the 
mutant were similar to those in wild type. Thus, each of the 
substituted methionines essentially traced the path of the 
residue that it replaced. For the Phe-153 Met substitution, 
however, x\ changed by 9r to avoid a steric dash. 

The crystallographic thermal factors of the side chahis of the 
seven methionines are, on average, marginally less than the 
thermal factors of the amino acids that they replace (24.0 A^ 
versus 25.7 A^). The distal methvl groups are also well-ordered 
(average thermal factor 23.8 A^), As shown in Fig. 7b, the 
mobility of the surrounding side chains in the mutant structure 
is also very similar to wUd type. Therefore there is no 
suggestion that the substitution of seven methionines leads to 
disorder of the hydrophobic core. 



As more and more methionines are introduced into the 
protein, the overall stability decreases (Fig. 1; Table 1). When 
six or more methionines are substituted^ the loss of stability is 
somewhat less than the sum of the constituent single replace- 
ments (Fig. 1^) with the discrepancy increasing to a maximum 
of 2.5 kca!/mol for the 10-metbionine construct. This indicates 
that there is some relaxation in the polymethionine protein 
that either introduces new, favorable, interactions or relieves 
some of the strain associated with the single substitutions. The 
loss in protein stability is understandable. For each methionine 
replacement there is a reduction in the solvent transfer free 
energy (about 0.6 kcal/mol for Leu to Met) (23). Also the side 
chain of methionine has more degrees of freedom than do 
other hydrophobic core amino acids. Each methionine-to- 
leucine replacement at a restricted, internal, site is predicted 
to have an entropy cost of about 0.8 kcal/mol (24, 25), Taken 
together, these two factors are expected to reduce the stability 
of the seven-methionine mutant by about 10 kcal/mol relative 
to wild type. Some of the replacements may also decrease 
stability because of introduced strain. The actual loss in 
stability for the 7-Met mutant is only 5.0 kcal/mol, suggesting 
that the above estimate of «10 kcaVmol is too high. 

The finding that 10 core residues in T4 lysozyme can be 
replaced with methionine supports the overall importance of 
the hydrophobiceffect in protein folding. At the same time, the 
results show that the interaction between the core residues is 
not strictly comparable with the precise spatial complemen- 
tarity of the pieces of a jigsaw puzzle. Rather, a.certaln amount 
of give and take in forming the core structure is permitted. This 
is in contrast to a-helical coiled-coUs where changes in the 
shape of hydrophobic residues can lead to different packing 
arrangements (6). 

The observation that methionines substituted at various 
internal sites remain well ordered suggests that seleno- 
methionine, or telluro methionine, introduced In this fashion 
should be suitable for MAD phasing (26). The apparent lack 
of oxidation of core sites, presumably due to reduced oxygen 
accessibility, may aid in the use of such oxygen-senslthre 
analogs. 

Previous studies have shown that multiple alanine replace- 
ments can be made on the surface of T4 lysozyme, at least 
within «-heliccs, with little change in structure or stability (27). 
The present study shows that multiple replacemente with a 
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single type of amino add are possible in the core as well» albeit 
with a progressive loss of stability, It suggests that it may be 
possible to replace the overall amino acid sequence of a protein 
with a much simpler sequence based on a subset of the 20 
naturally occurring amino acids. Perhaps this may be a way to 
simplify the protein folding problem. 

We thank Sheila Sdow, Joan Wozniak, and Joel Undstrom for help 
with purifying and crystallizing mutant lysozymcs and for CD activity 
assays. We arc also grateful to Drs. Ingrid Vettcr, Larry Weaver, Dale 
Tronrud, Enoch Baldwin, and Martin Sagcrmann for useful discussion 
and Eric Bcrtclscn for technical assistance with NMR, This work was 
supported in part by National Institutes of Health Grant GM2i967 to 
B.W.M. 
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he energetics of virtually all binding functions in proteins 
is the culmination of a set of molecular interactions. For 
example, removal of a single molecular contact by a point 
mutation causes relatively small reductions (typically 0.5-5 
kcal/mol) in the free energy of transition-sutc stabilization 
[for reviews see Fcrsbt (1987) and Wells and Estell (1988)]. 
protein-protein interactions (Laskowskl ct al> 1983, 1989; 
Ackers & Smith, 1985), or protein stability (for review sec 
Matthews (1987)] compared to the overall free energy asso- 
ciated with these functional properties (usually 5*20 kcal/mol). 
Thus, U is possible to modulate protein function by mutation 
at many contact sites. In fact» to design large changes in 
function will often require mutation of more than one func- 
tional residue. 

There is now a large data base for free energy changes that 
result when single mutants are combined. A review of these 
data shows that, in the majority of cases, the sum of the free 
energy changes derived from the single mutations is nearly 
equal to the free energy change measured in the multiple 
mutant. However, there are two major exceptions where such 
simple additivity breaks down. The first is where the mutated 
residues interact with each other, by direct contact or indirectly 
through electrostatic interactions or structural perturbations, 
so that they no longer behave independently. The second is 
where the mutation causes a change in mechanism or rate* 
limiting step of the reaction. It is important to note that the 
additive effects discussed here do not change the molecularity 
of their respective reactions. When the molecularity of the 
reaction changes (as in comparing the free energy of binding 
of one linked substrate (A-B) versus the sum of two fragments 
(A plus B)], large deviations from simple additivity can result 
from entroj^c effects (Jencks, 1981). Although the focus here 
is on enzyme activity, similar conclusions may be drawn from 
mutations affecting protein-protein interactions. protein-DN A 
recognition, or protein subility. Some practical examples and 
applications are discussed. 

Additivity Relationships 

The change in free energy of a functional property caused 
by a muution at site X is typically expressed relative to that 



of the wild-type protein as AA(7(X). Such free energy changes 
for two single mutants (X and Y) can be related to those of 
a double mutant (designated X,Y) by eq 1 (Carter el al., 1984; 
Ackers & Smith, 1985). The AG] term (also called the 
AAG(x.v) « AAC7(X) + AAC(y) + AG, (I) 

coupling Cinergy; Carter et al., 1984) should reflect the extent 
to which the change in energy of interaction between sites X 
and Y affects the functional property measured. It is possible 
for AGf to be either positive or negative depending upon 
whether the interactions between the mutant side chains reduce 
or enhance the functwnal property measured. Furthermore, 
the AGi term should not exceed the free energy of interaction 
between side chains at sites X and Y except in cases where 
these mutations cause large structural perturbations. This was 
first applied to evaluating the functional independence of 
residues muUted in tyrosyl-tRNA synthetase (Carter et ah, 
1984). In one case the sum of the AAG values for single 
mutants was equal to that of the double mutant, Indicating 
the sites functioned independently; in another example there 
was a large discrepancy, suggesting the sites were interacting. 

Simple AoDmvrrY in Transitk>n*State Binding 
Interactions 

The strengths of noncovalent interactions are strongly de- 
pendent upon the nature of the two groups and the distance 
(/) between them. For example, the free energy of charge- 
charge, random charge^pole, random dipoie-dipole, van der 
Waals attraction^ and repulsion decay as I /r, l //^, i i 
and 1/r", respectively [for review see Fersht (1985)]. Thus, 
when the side chains at sites X and Y are remote to one 
another and assuming lio large structural perturbations, the 
AGi term should be negligible and cq 1 thus simpliries to 
AAG(x.Y) a AAG(X) + AAG^y) (2) 

This uUiation, here referred to as simple additivity, is generally 
observed except where side chains are close to each other or 
when one or both of the mutanu change the rate-limiting step 
or reaction mechanism. These principles are well illustrated 
from data of additive mutational effects on transition-state 
stabilization energies. 
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nouRE I : Plot of the changes in transltion-state stabilization energies 
for the multiple mutant versus the sum for the component mutants. 
Data are uken from Table I and represent mutants from subtilisin 
(■). tyrosykRNA synthetase (0)» trypsin (□). DHFR (•), and 
glutathione reductase where mutant or wild-type side chains 
should not contact one ariother, The dashed line has a slope of I, 
and the solid line is a best fit to all the data* 

Changes in transition-state stabilization energy (^AGy) 
caused by a mutation can be calculated from eq 3 (Wilkinson 
et al, I983)« in which R is the gas oonstanu T\s the absolute 

AA<H --Jtr la //'"/''f (3) 

temperature, is the turnover number, and Km » the Mi- 
chaelis constant for the mutant and wild-type mymc against 
a fixed substrate. AAG^ r^resents the change in free energy 
to reach the transition^state complex (B»S*) from the free 
enzyme and substrate (E + S). 
To analyze the jax>position that the interaction energy term, 
is relatively small when the sites of mutation (X and 
Y) are remote to one another, values were collected 
from the literature where side-chain substitutions in the 
multiple mutant are beyond van der Waals contact (>4 A 
distant) from each other (Table I)» There are at least 25 
examples distributed across five different enzymes where 
A AGt values can be calculated for the individual and multiple 
mutants assayed in at least two different ways» Among these 
are examples where electrostatic interactions* hydrogen 
bonding, and steric and hydrophobic effects have been altered 
separately or in combination with others. The X*ray structures 
of the wild-type proteins show that the wild-type side chains 
are not In contact. Modeling attests the mutant side chains 
are b^rond possible van der Waals contact unless the mutant 
side chains were to cause significant changes in the overall 
protein structure. Such Urge changes are rarely observed in 
structures of site-specific mutant proteins (Katz & Kossiakoff, 
1986; AJber et al, 1987; Howell et al,, 1986: Wilde et al., 
1988) or even highly variant natural proteins (Chothia & Lesk, 
1986). 

A collective plot of the sum of the AAC?! values for the 
component mutants versus the corresponding multiple mutant 
(Table 1) gives a remarkably strong correlation (Ifi »= 0,92) 
with a slope near unity (Figure 1). The simplest interpTetati<»j 
is that the interaction term, AGf^n, is small compared to the 
overall effects on AAG$(x,v). It is formally possible that there 
are large and compensating effects between side chains X and 
Y that systematically lead to small net values for AG^d,. 

There arc some notable exceptions that weaken the corre- 
lation within the data set (Table I), In particular, combining 
the R204L mutation in Escherichia coH glutathione reductase 
gives a less than additive effect, especially when combined with 
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another mutant, R198M (Scrutton et al., 1990). These basic 
residues are not in direct contact, but both side chains form 
a salt bridge with the 2'-phosphate group of N ADPH. Indeed, 
the largest discrepancies are when these mutanu are assayed 
with NADPH as compared to NADH. Similarly, the sum 
of the AAGf values for two positivdy charged component 
mutants in subtilisin (D99K and E156K) overestimates the 
effect of the multiple mutant when assayed with an Arg but 
not with a Phe substrate (Russell & Fersht, 1987). Such 
discrepancies are not too surprising because charge-charge 
interactions fall off as l/r and can exhibit long-range effects 
in proteins (for example, see Russell and Fersht (1988)]. The 
physical basis for other large discrepancies not involving 
electrostatic substitutions is less clear but may involve unex- 
pectedly large structural changes or changes in enzyme 
mechanism (see below). 

These additivity tests are not particularly dominated by one 
of the single mutants in the sum. The average contribution 
(i:S£) for the most dominant mutant in ech sum calculated 
from the 69 additivity tests given in Table 1 is only 68% 
(i:l5%) of the total sum (theoretical is ^^50%). Furthermore, 
the plot in Figure 1 Is not analogous to graphs of correlated 
variables, where A Is plotted versus the sum of A + B, because 
in Figure 1 the values on the ^^-axis are determined inde" 
pendentty from those on the ;r-axis. 

Complex AoomviTY in Transition-State 
Stabilization—When AGt(i) o 

(A) Change In Interaction Energy between Sites X and 
Where residues X and Y are close enough to contact, it is more 
likely that the A(?|(,) term will be significant. There are 1 i 
examples collectively from tyrosyl-tRNA synthetase and 
subtilisin that fit this category (Table II). 

A scries of mutanu in tyrosyl-tRNA synthetase at positions 
48 and 51 (Carter et al., 1984; Lowe el al.. 198$) show com- 
plex additivity (Table II). His48 and ThrSl in the wild-type 
suuclure arc next to each other on adjacent turns of an a-helix. 
His48 hydrogen bonds to the ribose ring oxygen of ATP while 
ThrSl can make van der Waals contact with ATP. The TSIP 
mutation increases the catalytic efficiency of the enzyme in 
some assays by more than -2 kcal/mol (Wilkinson et al„ 
1984). However, when this mutation is combined with mu- 
tations at position 48, the effects are not simply additive. An 
X-ray suucture of the T51P mutant indicates there are no 
structural changes in the a-helix (Brown et al., 1987). Instead, 
it is suggested that the T51P mutant is improved over wild 
type because the wild-type enzyme contains a bound water in 
the vicinity of ThrSl that disfavors substrate binding. Blow 
and co-workers (Brown et al., 1987) argue that the change 
in solvent structure jM-opagated to position 48 may account for 
the complex additivity. In the previous section, the double 
mutant (H48GJ$1A) exhibited nearly simple additivity 
(Table I), Presumably, the smaller and less hydrophobic 
alanine substitution at position 51 should not introduce as large 
a change in solvent structure as the pyrrolidone ring of proline. 

In the case of subtilisin (Table II), Glul56 is near the top 
of the PI binding crevice while Glyl66 is at the bottom. In 
the wild-type enzyme these sites do not make direct van der 
Waals contact, but large side chains substituted at position 
166 can be modeled to contact the residue at position 156. In 
fact, X-ray structural analysis shows that an Asn side chain 
at position 166 makes a good hydrogen bond with Glul56 
(Bott et al, 1987). Moreover, all of the substitutions are polar 
or charged, the energetics of which are expected to be the most 
long range. Thus, the mutant side chains alter substantially 
the intramolecular interactions between positions 1 56 and 166. 
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Tabic I: Comparisort of Sums of ^£iG^* Trom Component Mutants vj the Multiple Mutant Where the Mutant or Wild-Type Side Chaini l>o 
Not Contact One Another 



assay 


component mutants • 


sum 


multiple 
mutant 




Tyrosyl'tRNA Synthetase 






C35G + H48G* 






ATP/PP, 


+1,20 +1.04 


+2.24 


+2.30 


ATP/tRNA 


+1.05 +M3 


+2.18 


+1,68 


Tyr/PP, 


+ 1.14 +1.12 


+2.26 


+2.32 


Tyr/lRNA 


+0.32 +1.12 


+1.45 


+1.20 




C35G + T51P 






ATP/PP| 


+ 1.20 -1.91 


-0.71 


-1 Id 


ATP/iRNA 


+ 1.05 -2,35 


-1.30 


-1.88 


Tyr/PP, 


+1.')4 -^M 


+o!50 


-0.74 


Tyr/tRNA 


+0.32 +0.50 


+0.82 


+0.21 


C35G + T5IC* 






ATP/fDWA 


+ 1.05 -0,93 


+0.12 


'v,22 


ATP/Tyr 


+ 1.14 -0.91 


+0.23 


-0.J3 


H48N + T51A' 






ATP/PP, 


+0.26 -0.38 


-0.12 


+0.04 


ATP/tRNA 


-0.13 -0.32 


-0.45 


-0.37 


T40A + H450' 






Tyr/Tyr 


+5.02 +3.!5 


+8.17 


+6.9S 


ATP/Tyr 


+5.13 +2.44 


+7.57 


+6.67 




Rat Trypsin 








G2I6A + G226A* 






K 


+2.75 +3.13 


+5.88 


+5.07 


R 


+2.19 +4.91 


+7,10 


+5.90 




Dihydrofoiate Reductase (AACj^im) 






F3IV + L54G^ 






H,F 


+ U6 +2,9 


+4.5 


+4.5 


MTX 


+2.2 +2.9 


+5.1 


+4.5 




SubUlisin BPN' 







ftsaay 



component mutants 



multipU 



£ 
Q 
A 
K 
M 
F 
Y 

E 
Q 
A 
K 
M 
F 
Y 



E 

Q 
A 
K 
M 
F 
Y 

R 
F 



EI56S + Y217L + OI69A' 



-1.43 
-0.60 
-0.15 
+1.70 
-0.86 
-0.61 
-0.24 



-0.87 
-0,36 
-0.41 
-0,08 
-0.32 
-0.29 
-0.12 



E156S+ Y2I7L 



-0,62 
-0.32 
-0,27 
-0,30 
-0.39 
-0.66 
-0,41 



-1.43 
-0.60 
-0.15 
+1,70 
-0.86 
-0.61 
-0.24 

y2,7L+0!69A 



-0,87 
-0.36 
-0,41 
-0.08 
-0.32 
-0.29 
-0.12 



-1.67 
-0.96 

-0.53 
+ 1.33 

-i.n 

-0.84 
-0.32 



-0.62 
-0.32 
-0.27 
-0.30 
-0.39 
-0.66 
-0.41 



D99S + EI56S* 
+0.47 +0.77 
0 -0.62 



-2.92 
-1.28 
-0.83 
+1.32 
-1.57 
-1.56 
-0.77 

-2.30 
-0.96 
-0.56 
+1.62 
-1.18 
-0.90 
-0,36 



-2.29 
-1.28 
-O.«0 
+1.03 
-1.50 
-1,50 
-0.73 

+ 1.24 
-0.62 



-2.06 
-1.14 
-0.92 
+0.87 
-1,41 
-1.17 
-0.59 

-1.67 
-0.96 
-0.53 
+1.33 
-1.11 
H).84 
-0.32 



-2.06 
-1.14 
-0.92 
+0.87 
-1.41 
-1.17 
-0.59 

+1.52 
-0J2 



F 

y 



F 
Y 



F 
Y 



F 

Y 



F 
Y 



F 
Y 



NADH 
NADPH 

NADH 
NADPH 

NADH 
NADPH 



NADH 
NADPH 



NADH 
NADPH 



NADH 
NADPH 

NADH 
NADPH 



SubUHsln BPN' 
D99K + EI56K 
+1.29 +2.12 
+0,13 -0.49 
ei56S. 
0166A + G169A» 
Y217L' 



-0,40 
+0,94 

G166A + 



1.46 
-1.03 
S24C. 
H64A 
+4.96 
+4.40 



S24C» 



-0.40 
+0.94 
El 565. 

GI69A. + u*MA 
Y217L 

-1.46 +4.96 
-1,03 +4.40 
S24C. 

H64A, .p.... 
G169A,^°*^*A 

y2l7L 

+4.21 -0,40 
+3.96 +0.94 
S24C» E156S. 
H64A.+ G169A* 
C166A Y217L 
-1.46 
-1.03 
E156S« 
. G166A. 
GJ69A, 
Y217L 
-1.76 
+0.02 



+4.11 
+5.84 

S24C, , 
H64A 

+4.96 
+4.40 



+3.41 
-0.36 



-1.86 
-0.09 



+4.56 
+5.34 



+3.50 
+3.37 



+3,81 
+4,90 



+2.65 
+4.81 



+3.20 
+4.38 



£. cell Glutathione Reducuso 
A179G + R198M> 
-1.10 -0.62 
+0.08 +2.68 
AI79G + R204L 
-1,10 +0.41 
+0.08 +2.42 
R198M + R204L 
-0.62 +0.41 
+2.68 +2.42 

An«3+JiJ?M» 
R204t 

-1.10 -0.51 

+0X)8 +3.70 

■0.62 -1.54 
+2.68 +0,87 

+0.41 -1,32 
+2,42 +2.U 
R179G + R198M + R204L 
-1.10 -0.62 +0.41 -1.31 
+0.08 +2.68 +2.42 +5,18 



-1.72 
+2.76 

-0.69 
+2.50 

-0.21 
+5.10 



-I.6I 
+3.78 



-2.16 
+3.55 



-0.91 
+4.53 



+2.74 
-0.42 



-1.76 
+0.02 



+4.11 
+5,84 



+4.21 
+3.96 



+3.53 
+6.07 



+3.53 
+6.07 



+3.53 
+6.07 



-1.32 
+2.II 

-1.54 
+0.87 

-0.51 
+3.70 



-1.72 
+2.22 



-IJ2 
+2.22 



-1.72 
+2.22 

-1.72 
+2.22 




• Carter et al. ( 1 984). The assays refer to measurements of ATP-u 
under saturating conditions for tyrosine and vice versa for Tyr/PP, « 

i?u*^U 5? '"^/ipa^Jt^n of tyrosyl adenylate under saturating concentrations of tyrosine. 'Jones ci al. (1986). 'Leather barrow et al. 0986) 
I /V T V i Tyr/Tyr acuvaiion assays refer to formation of tyrosyl adenylate under pre-steady^statc condition*, and k^JK^M is calculated from 
H^lIVl'?v^''^''^ "^ir* '.^i;?v« <»^^^>' Thesubsuaii was D.Vai:Uu.{X).amlnonuorocoumarm where the PI «sXw 

I hl,^ ^ °^ .V^^ ? 9^?*^- "^^^^ "^^'^^ "^^^ dihydrofoiate (H,F) or methotrexate (MTX). * Wells et al. (1987a). The 

Alt A I vc /JJf D.^^ /^^''^''^i'^^^^^^^ (Schechtcr k Berger, 1937) was either Olu (E). Gin (Q). 

Ala (A). Lys (K), Met (M), Phe (F), or Tyr (Y). *Ru$sell and Fersht (1987). The substrate was benzoyl-t-Val-Cly-uArg-p-nitroaml dc (R) 
X^a?ltl^ '^"^"^'^ succinyUi^PhlL^AIa-L^HiL^^^xV^^^ 

X was cither P he (F) or Tyr (Y). ^Scrutton et al (1990). The assay followed the reduction of oxldiged glutathione by NADH or NADPH. 
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Tabic II: Comparison of Sums of ^G^* from Component Mounts 
V5 the Multiple Mutant Where the Mutant Side Chains Con Contact 
One Another 



assay' 


component 
mutants 


sum 


multiple mutant 




Tyrosyl-tRNA Synthetase 






Ji4BU T TjIi" 






ATP y pp. 


XI _| 01 


"W.o/ 


4*1 M 


atp/irna 


Mi 1 ^ 1 C 

TI.IJ -2.35 


-1 .4* 


+n n 

T u. r / 


Tvr/PP. 






~l.v« 




J. 1 1 ^ XA CA 

+ J , J 2 +W,30 


+ 1.63 


•L.f% 1*1 

xg.l / 


ATP/TvK 


+0,95 -1.99 


-1.04 




Tyr/ATP 


+1,07 -0.38 


+0.69 




H48N + T5IP 






ATP/Tvr 


+0,18 -1.99 


-1.81 




Tyr/Tyr 


+0,36 -0.38 


-0.02 


-0.64 


ATP/lRNA 


-0.02 -2.23 


-2.25 


-1.07 




N48G + T51P 






A I r/ 1 yr 


+0.37 -0,94 


-0.57 


+0,86 


Tyr/Tyr 


+0.41 -1.00 


-0.59 


+0.45 


ATD/tDXJ A 

ATr/!RNA 


+ 1.26 -1.05 


+0.21 


+0.90 




Q48C +T5IP 






ATP/Tyr 


-1.31 -1.09 


-2.40 


-1.22 


Tyr/Tyr 


-2.05 -1.65 


-3.70 


-2,31 


ATD /(DMA 


-1.87 -1.85 


-3.72 


-2.23 


A TD /T J» 

A i r / 1 yr 


H48Q + T51P 






+2.26 -1.99 


+0.27 


+1.17 


Tyr/Tyr 


+3.13 -0.38 


+2.75 


+1,48 


ATP/tKNA 


+3.11 -2.23 


+0.88 


+1.26 




^11 litem RP>J' 








B156Q + G166D' 






n 

V 


-1,04 +1.27 


+0.23 


+0.75 


w 

IV| 


-0.45 +1,83 


+1.38 


+0.16 


If 


+2.15 +0.53 


+2.68 


+0.26 




cl5oS + GiodP 






n 

V 


-0.59 +1.27 


+0.68 


+0.74 


|V1 


-0.85 +1.83 


+0.98 


+0.66 


If 


+ 1.68 +0,53 


+2.22 


+0.49 




E156Q+0166N 






p 


-1.71 -o.n 


-1.82 


-0.69 


n 

V 


1 .W XU. 1 s 




-0.77 


IVI 


-0.45 +0.18 


-0.27 


-1.10 


IV 


+2.15 +0.48 


+2.73 


+1.16 




E156S + OI66N 






E 


-1,44 -0.11 


-1.55 


-0.51 


Q 


-0.59 +0.14 


-0.45 


-o!8S 


M 


-0.85 +0.18 


-0.67 


-0.78 


K 


+1.68 +0.48 


+2.16 


+1.26 




EI56S + OI66K 






E 


-J. 44 -3,49 


-4.93 


-4,49 


0 


-0.59 -1.03 


-1.62 


-0.95 


M 


-0,85 -1.37 


-2.22 


-1.12 


K 


+ 1.68 +0.51 


+2.19 


+1.88 




E156Q + GI66K 






6 


-1.71 -3.49 


-5.20 


-4.49 


Q 


-1.04 -1.03 


-2.07 


-0.95 


M 


-0.45 -1.37 


-1.82 


-1. 12 


K 


+2.15 +0.51 


+2.66 


+1.88 



"See Table I for description assays. *Lowe et al. (1985). ^Carter ct 
al.(1984). '^WellsetaK (1987b). 



In these six examples there are large and systematic discrep- 
ancies between the sum of the values for the single 
muunts and those of the oorresponiling double mutant (Wells 
et aJ,, ] 9$7b). In almost all cases, the sum of the AAC7{> values 
for the single mutants is much greater than the value for the 
multiple mutant. Nonetheless, the AAG| value predicted from 
the sum of the single mutants does have the same sign as that 
for the double mutant, so that the single mutants predict 
qualitatively the effect on the multiple muunt. 

A plot (Figure 2) of the collective data set from Table 11 
is in contrast to that seen in Figure 1. The AACJ values for 
the multiple mutants correlate more poorly with the sum of 




^^.2 0 2 4 



2AAGf compor>ents 

nouK£ 2: Data are talcen from Table 11 for mutants of subtiUsIn (■) 
or tyrosyl-tRNA syntheUise (O) where mutant or wild-type side chains 
can contact each other. The dashed line represeats a theoretical line 
of unity slope, and the solid line represents the best fit 

the component single mutants [R^ = 0.72). Moreover, the 
slope of the line (0.61) is much below unity. This indicates 
that the function of one residue is compromised by mutation 
of another. Of the 40 additivity examples, the average con- 
tribution of the most dominant single mutant to the sum of 
the AAGi values is 71% of the toul. Thus (as in 

Figure 1), both single mutanu can oontribute substantially 
to free energy changes measured in the mulUple mutant. 
However, this data set is derived (torn mutations at only two 
different sites on two different proteins. 

In summary, complex additivity can be observed when 
mutations at sites X and Y change the intramolecular inter* 
action energy between sites. This can be mediated by direct 
steric, electrostatic, hydrogen-bonding, or hydrophobic in- 
teractions or indirectly through large structural changes in the 
protein, solvent shell, or electrostatic interactions. Complex 
additivity is most likely to occur where the sites of mutation 
are very close together and larger or chemically divergent side 
chains are introduced. 

(B) Mutations at Sites X or Y Change the Enzyme 
Mechanism or Rate-Umiting Step, If the catalytic functions 
of two or more residues are interdependent* then a mutation 
d'one residue can affect the functioning of the other(s). This 
form of complex additivity is well illustrated for mutations in 
the catalytic triad and oxyanlon binding site of sulnilisin 
(Carter k Wells. 1988, 1990). In the catalytic mechanism 
of subtilisSn (Figure 3)» the rate-limiting step in amide bond 
hydrolysis is transfer of the proton from Ser221 to His64 with 
nucleophilic attack upon the scissile carbonyl carbon. This 
is accompanied by electrostatic stabilization of the protonated 
imidazole by Asp32 and hydrogen bonding to the oxyanion 
by the side chain of AsnlS5 and the main-chain amide of 
Ser22l. Mutational analysis shows that once the catalytic 
Ser22i is mutaUd to Ala (S221 A), additional mutations in 
the triad or oxyanion binding site cause no further loss In 
catalytic efficiency (Table III). 

The S221 A enzyme retains a catalytic acUvlty that is still 
10* above the solution hydrolysis rate (Carter & Wells. 1988). 
h is proposed that this residual activity is derived from re- 
maining transition-state binding conUcts outside of the cat- 
alytic triad coupled with solvent attack upon the carbonyl 
carbon from the face opposite position 221 (Carter & Wells, 
1990). This proposal is based on a model showing that there 
is no room for a water molecule near Ala221 once the substrate 
is bound. Furthermore, conversion of AsnlSS to Gly enhances 
the activity of the S221A mutant by -1.2 kcal/md (Table III). 




E-8 



E-Ac 



nouKE3: &h6maUc diagram of Uiemecbatusm or subtai^ RqmSuGcd 
with permission from Carter amJ Wells ( 1988). O^right 1988 Macroiltan. 

activity could not go beyond the diffusion-controUed limit 
(Albery ft Kiiowles» 1976). 



Table IH: Comparison of Sums of AdG^' from Compcment Mutanu 
vs the Ad^T* for Multipie Mutants In fhc Catalytic Triad and 

Oxyanlon Binding Siie of Subtilisin 



componcnl muunu 


sum 


malt^ mutant 


S22IA + H64A» 






•f8.93 4-8.84 


+17.76 


+8.83 


S22IA<)- D32A 






•f8,93 +6.52 


+15.45 


+8.86 


H64A + D32A 






•f8,84 +6.52 


+15.36 


+7.48 


S22)A + H64A + D32A 






+8.93 +8.84 +6,52 


+24.29 


+8.65 


S22iA + «3^;^, 






+8.93 +7.48 


+ 16.40 


+8.65 








+8.84 +8.86 


+17.70 


+8.65 








+6,52 +8.83 


+ 15.35 


+8.6S 


S221A + N1550' 






+8.93 +3.08 


+12.01 


+7,70 



- AM cmqrmo w«rc sssayeo wim ine suosiraie succmyi 
t-PfO't-Phe-/»-nliroanilide. »Cart«r and Wells (1988). 
Wells (1990), 



'Carter and 



This h consistent with the opposite-face solvent attack 
mecbanisffl of S221 A» because the oxyanion (Figure 3) would 
devdop away from Asnl 5S and the N155G matation improves 
solvent accessibility to the scissile carbonyl carbon. 

Complex additivity is also seen for subtilisin mutated at 
positions 64 and 32, The double (H64A,D32A) and corre- 
sponding single mutants show a linear dependence upon hy* 
droxide ion concentration (between pH S and 10) that may 
reflect hydroxide assistance in the deprotonation of the Oy 
of Scr22l (Carter & Wells, 1988). Thus, once His64 is 
converted lo Ala, A5p32 is a liability, presumably by cloc- 
trosutlc repulsion of hydroxide ion. [Note the -1 J kcal/mol 
improvement in AACf for the double muUnt (H64A,D32A) 
compared to H64A alone; Table HI,) 

In summary, if an enzyme mechanism relics upon cooper- 
ative interaction between two or more residues, then multiple 
mutations within this subset can result in large values for 
ACtoh In fact, if the mechanism is changed subslanlially, 
residues that were a catalytic asset can become a liability. 
Simple additivity can also break down when one or more of 
the mutations cause a change in the rate^llmtting step. In an 
extreme case, one may have a number of muums in an enzyme 
that enhance the activity* but the cumulative enhancement of 



ADDmvE Effects on Substrate Binding 

The analysis above considered changes in binding free en- 
ergies between the free enzyme and substrate (£ + S) to yield 
the bound transition*state complex (E*S*), The steady-state 
kinetic analysis for subtilisin and tyrosyl-tRNA synthetase h 
such that the values approximate the enzyme-substrate 
dissociation constant K^, Additivity analysis t»sed on calcu- 
lations of ^ikAGfUt^ (from values) or AAGc^t (from 
values) yields qualiutively the same resulu (not shown) as 
diown in TaUes I and Hand Figures land 2. Thus,deviatk>ns 
from simple additivity are not syst^natically found in dther 
the energetics to form the BS complex or those to reach B^*, 

ADDmvE Effects on pRorEiN-'PROtEiN iNTEitACTSONs 

The first dear examples d* addiUve Undiag effects caused 
by amino acid rei^acementt In proteins were reported by 
Laskowski et al, (1983) and reviewed by others (Ackers ft 
Smith, 1985; Horovttz ft Rigbi, 1985). One hundred natural 
variants of a proteinase inhilntor^ the ovomucoid third domahi^ 
have been isolated and sequenced from the eggs of different 
bird species (Empie ft Laskowski. 1982; Laskowski et al., 
1987), This is a nested set of proteins because for any one 
of these avian fathibltois there Is a dose relative containing only 
one or a few amino acid substitutions. Moreover, the asso- 
dation constants {fO of these inhibitors with a variety of serine 
proteinases vary over an enornKius range (lO^^fold). Lasko^ 
et al. (1983, 1989) have shown that the effect of a given residue 
replacement on Jt. Is about the same Irrespective of the in- 
hibitor scaffold the replacement is made in. 

In addition to ovomucdd, four additiWty examples have been 
constructed from natural variants at the subunit interface of 
telrameric hemoglobin (Ackers ft Smith, 1985). Three ad- 
ditivity examples have been analyzed for interactions of hGH 
with iu receptor (B. C, Cunningham and J. A. Wells, un- 
published results) and one example for association synthetic 
variants of the RNase S peptide with RNase S prouin 
(Mitchinson ft Baldwin, 1986). The entirety of this dau set 
is not tabulated because much on the ovomucoid inhibitors 
and hGH is unpublished. Nonetheless, ttee researchers were 
kind enough to provide their data formatted so it could be 
plotted collectively in Figure 4. These data consist of 91 
additiWty examples (80 in ovomucoids alone)« representing 22 
multiple mutants across four different proteins, and span a 
wide range of change in binding free energy (-10 to +7 
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Table JV: Comparison of Sum* of A^G^<^ from Component 
MuUnU v% the Multiple Muunt 



■10 -6 0 6 10 

SaaG^„,^ component! 

FIGURE 4: Plot showing the sum of changes in free energies of binding 
Bt pfotein-;i>rotein interfaces for component mutants versus the 
corresponding multiple mutant. Dau represent interactions between 
ovomucoid third domain and various serine proteases (□) (R. Wvnn 
and M. Laskowski, persona) communication), regulatory interlace 
of cr2/?2 hemogbbin (^^ (Ackers & Smith, 1985). hOH and iu receptor 
(stippled A) (B. Cunnmgham and J. Wells, personal communication), 
and RNase S peptide and S protein (•) (Mitchinson & Baldwin. 
1986). The dashed line represents a Une of unity slope, and the solid 
line is the best fit. 

kcal/mol). The plot shows a very strong linear correlation (R^ 
« 0.96) with a slope near unity. Although the data for the 
ovomucoid were not sorted to evaluate changes at intramo- 
lecular contact sites, most are not expected to be in contact, 
and all of the other examples represent noncont^ct sites. Thus, 
the large data base deriveci from natural variants of ovomucoid 
third domain, as well as a smaller number of examples from 
several other proteins» indicates thai multi^e mutations at 
protein-protein interfaces comnwnly produce simple additive 
effects. 

ADDmvE Effects in DNA-Protejn Interactions 

One of the clear advantages in analyzing DNA-protein 
interactions is the alnlity to apply powerful selections that make 
analysis by random mutational studies feasible. Additivity 
in DNA-protein interactions was first demonstrated by re- 
version analysis of X repressor (Nelson & Sauer, 1985). A 
mutation that decreased the binding affinity for the X operator 
site (K4Q) was reverted by mutations at several second sites 
(E34K, G48S, and E83K). When these second-site revertants 
were introduced into wild:type X repressor, they caused In- 
creases in affinity similar to those observed in the first-site 
suppressor mutant (K4Q). 

Functional independence for mutations at DNA-protein 
contacts has been demonstrated by additive effects for mutants 
of CAP (calabolite gene activator protein) and iu operator 
sequence (Ebrighl et al„ 1987) as well as lac repressor and 
its corresponding operator sequence (Ebright, 1986). Simple 
additivity of mutational effects in the operator sequences for 
Cro repressor (Takeda et al., 1989) and X repressor (Sarai & 
Takeda, 1989) has been most systematically demonstrated. 
Simple additivity has also been reported for muWpIe mutations 
in the lac repressor (Lehming et al., 1990). In fact, simple 
additivity is so predictable in DNA-protein interactions that 
the observation of complex additivity has been used to predict 
specific DNA-protein oontacte In the iac repressor-^perator 
complex (Ebright, 1986). 

ADDfTrvE Effects on Protein STABitrrv 

The first systematic analysis of additive effects of site- 
specific mutations on protein stability was reported by Shortle 
and Meeker ( 1 986). Five multiple mutants in staphylococcal 



assay 




Idlag 




oomponent 
mulanu 


sum 


multiple 
mutant 




Staphyk>coccal Naclease 






Y66L + G79S' 






GuHCI 


-K).2 -2.6 


-2.8 


-3.3 


urea 


+0.2 -2.9 


-2.7 


-3.6 




V66L + 088V 






CuHCl 


-0.2 -1.0 


-1.2 


-2,1 


ures 


+0.2 -0.9 


-0.7 


-1.4 




I18M + A69T 






GuHCt 


-0.6 -2.7 


-3.3 




urea 


-0.7 -2.9 


-3.6 


-3,8 




n8M+ A90S 






GuHCl 


-0.6 -1.4 


-2.0 


-2.2 


urea 


-0.7 -1.4 


-2,1 


-2.2 




V66L + G79S + G8SV 






CuHCI 


-0.2 -2.6 -1.0 


-3.8 


-3.0 


urea 


+0.2 -2.9 -0.9 


-3.6 


-3.4 




N-Terminat Domain of X Repressor 






046A + G4SA* 






thermal melt 


+0.7 +0.9 


+1.6 


+ 1.1 




T4 Lysojyme 








13C + C54V' 






thermal melt 


+ 1.2 -0.7 


+0.5 


+0.4 




13C + C54T 






thermal melt 


+1.2 +0.3 


+1.5 


+1.5 




nC + C54T + R96H 






thermal melt 


+ 1.2 +0.3 -2.8 


-1.3 


-2.5 




13C>C54T + R96H 






thermal melt 


+ K5 -2.8 


-1.3 


-2.5 




UC + C54T + AU6T 






thermal melt 


+1.2 +0J -1.5 


0 


-0.5 




I3C.C54T + AI46T 






thermal melt 


+1.5 -1.5 


0 


-0.5 




Bacteriophage fl Gene 


V 






V35I + 147V*' 






GuHCt 


-0.4 -2.4 


-2.8 


-2.9 




Kringle-2 of tPA 








H64Y + R68G' 






thermal melt 


+2.9 +0.7 


+3.6 


+3.4 




Turkey Ovomucoid Third Domain 






032A + N28S^ 






thermal melt 


+0.8 -0.5 


+0.3 


+0.2 




Y20H + N4^CH0 






thermal melt 


-0.8 +0.3 


-0.5 


-0.6 




a Subunit of £. coll Trp Synthetase 






YI75C + G211E' 






GuHCI 


-0.1 +0.3 


+0.2 


-1,3 



t^iiuitic a»u m^KCf 'nogni ci b). ^yoo;. ' wetzei et ai. 
(1988). 'Sandbcrg and TerwilHger (1989). 'R. Kellcy. personal 
communication. ^Otlewski and Laskowskl (1990). N45-CHO refers 
to a glycosylation of A«n45. >Hufle et al. (1986), 

nuclease were constructed from a group of random single 
mutants that were screened initially for their ability to affect 
the stability of the enzyme in vivo. The component mutants 
do not make direct contact with each other in the multiple 
mutants. Generally, these variants exhibit nearly additive 
effects except for the double muunt V66L,G88V (Table lY). 
In addition to those of staphylococcal nuclease, additive effecte 
on the AAG^^ (assayed by reversible denaturation) h^ve 
also been detemjined for the N-terminal domain of X repressor 
(one example; Hecht et al., 1986), the a-subunit of E. call Trp 
synthetase (one example; Hurle et ah, 1986), T4 lysozyme (six 
examples; Wetzel et al., 1988), the gene V product of bac- 
teriophage f I {one example; Sandberg & Terwilligcr, 1989), 
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SAAG^^ofc^ Components 



FioURE 5: Plot showing sum of changes in Tree energy of unfolding 
of component mutants and resulting multiple mutant. Data are taken 
from Table IV and represent stapbyloooocal nuclease (■)• N*tcrminal 
domain of X repressor (O), T4 lysozyme (O), bacteriophage fl gene 
Y product (•), Kringle^2 domain of tissue plasminogen activator 
turkey ovomucoid third domain and the a-subunit of Trp 
synthetase (7), The dashed line represents a theoretical line of unity 
slope, and the solid line represents the best fit. 

natural variants of ovomucoid third domain {two examples; 
Otlewski & Laskowskt» 1990), and the Kringle-2 domain of 
human tissue pksminogen activator (t-PA) (one example; R. 
Kel1ey» personal communication). 

Collectively, this data set gives a hi^ linear correlation (R^ 
= 0.94) and slope near unity (Figure 5). The generally simple 
additive behavior is somewhat surprising given the highly 
cooperative nature of protein folding. There are discrepancies 
in some of the additivity examples besides the staphylococcal 
nuclease mutant (V66L,G88V), For example, the 1,5 
kcal/mol discrepancy for the Y175C,G271E double mutant 
in Trp synthetase (Table IV) is proposed to result from the 
fact that these residues are in direct contact (Hurle et ah, 
1 986). Furthermore, proximity effects may account for the 
large differences between the sum of the component mutants 
and the multiple mutants for the or-helical double glycine 
mutant G46A,G48A in X repressor (Hec(it et al., 1986), and 
when combining R96H with the C3-C97 disulHde mutant In 
T4 lysozyme (Wetzel ct al. 1988). In contrast, an exchange 
of two side chains that contact one another (V35I and I47V) 
in the hydrophobic core of the gene V product of f L phage 
produced simple additive effects (Sandberg & Terwilllger» 
1989; Table IV). It should be noted that this data base ex* 
hibiting simple additivity may be biased for single mutants 
that stably fold, because severely unstable proteins are more 
difficult to express. 

By analogy to transitiOA*state binding effects, one can 
certainly imagine instances wher« the stabilizing effects of 
mutations should reach a plateau. For example, denaturation 
at high temperatures can become controlled by a chemical step 
such as deamidation (Ahcrn ct al., 1987), so that additional 
mutants that stabilize the folded form of the protein may be 
irrelevant. Another obvious example where complex additivity 
can be observed in protein stability is the stabilizing effect of 
disulfide bonds and noncovalcnt intramolecular contacts that 
require interactions between two or more residues. In these 
cases, the stabilizing interaction between two side chains can 
be broken with only one mutation. 

Applications of ADDrrivrrY in Rational Protein 
Design 

A strategy of additive mutagenesis, where a series of single 
mutants each making a small improvement in function are 



Gom\^ed, is one of the most powerful tools in designing 
functional properties in proteins. This approach has been 
remarkably successful in stabilizing proteins to irreversible 
inactlvationr such as \ repressor (Hecht et aL, 1986), subUUsin 
(Bryan et al, 1987; Cunningham & WeUs, 1987; PamoHano 
et al, 1989), kanamydn nucleotidyltransferase (Liao et al., 
1986; Matsumura, 1986), neutral protease (Imanaka et al., 

1986) , and T4 lysozyme (Wetzel et ah, 1988; Matsumara et 
al., 1989). This strategy has been applied to enhancing the 
catalytic efficiency of a weekly active variant of subtilisin 
(Carter et ah, 1989), engineering the substrate specificity of 
subtilisin (Wells el al, 1987a.b; Russell & Fersht» 1987) and 
the coenzyme specificity of glutathione redtictase (Scrutton 
et al., 1990), designing protease inhibitors with exquisite 
protease specificity (Laskowski et al, 1989), and recruiting 
human prolactin to bind to the hGH receptor (Cunningham 
et al, 1990). In addition, additivity principles have been used 
to engineer the pH profile of subtilisin (Russell & Fersht, 

1987) and to design the affinity and spedflcity of X repressor 
(Nelson & Sauer. 1985). 

For this approach to work does not require that all the 
component mutants act in a simply additive manner but just 
that their effects accomulate. For example, despite the com- 
plex additivity of effects in the catalytic triad of subtilisin, there 
are mutagenic pathways that are energetically cumulative for 
Installing the triad (Carter & Wdls. 1988; Wdls et al, 1987c). 
Starting with the triple mutant S221 A,H64A,D32A, there is 
a progresdve enhancement for installing Ser221 (-1.1 kcal/ 
mol), then His64 (-L0 kcal/mol), and finally Asp32 (-6.5 
kcal/mol). Another cumulaUve pathway of Ser22I, then 
Asp32, and finally His64 is possible If the Ser22l,Asp32 in- 
termediate were to use HisP2 substrates (Carter & Wells, 
1987), Elaborating such cumulative pathways is important 
for understanding how a catalytic apparatus may have evoWed 
and is practically useful for considering how to install such 
catalytic machinery into weakly active catalytic antibodies. 

Conclusions 

In the majority of cases, combination of mutations that 
affect substrate or transition-state binding, protein-protein 
interactions, DNA-protein recognition, or protein stability 
exhibits simple additivity. Simple additivity is commonly 
observed for distant mutations at rigid molecular interfaces 
such as in protein-protein and DNA-protein interactions, 
where the mutations are unlikely to alter grossly the structure 
or mode of binding. 

Large deviations from simple additivity can OQCur when the 
sites of mutations strongly interact with one another (by 
making direct contact or indirectly through electrostatic in- 
teractions or large structural perturbations) and/or when both 
sites function cooperatively (as for the catalytic triad and 
oxyanion binding site of subtilisin). Changes at sites that can 
contact each other do not always lead to complex additivity; 
this may reflect relatively weak interactions between the two 
sites or indicate that the interactions are compensatory and 
appear to be weak. 

It is important to point out the magnitude of errors in 
predicting the free energy effect in the multiple mutant from 
the component single mutants. Genera lly» for those cases 
exhibiting simple additivity (Figures 1. 4, and 5), the dis- 
crepancy in free energy between the sums of the components 
and multiple mutants is abiout dc25%. Part of this is the result 
of compounding errors when summing the single mutants, and 
the rest is presumably due to weak interaction terms. 
Nonetheless, this means that if the total free energy change 
Is about 3 kcal/mol, the change in the equilibrium constant 
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(related by K^^/K^ « lO'V/^r « ,55) ^j^^^ ^^ ^^^f ^ 
factor of 4. Thu8» while the free energy efTects accumulate, 
signincant deviations will occur in predicting the final equi- 
librium constants when component mutants contribute a large 
free energy term. 

Simple additivity reflecte the modularity of component 
amino acids in protein function. This results from the fact 
that the penurbattons in energetics and structure resulting 
from most mutations are highly localized In the past six years, 
an additive mutagenesis strategy has been extremdy eHTective 
in engineering proteins— of course, nature has been using this 
strategy much longer. 
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abstract: Femtosecond spectroscopy was used in combination with site-directed mutagenesis to study the 
influence of tyrosine M210 (YM210) on the primary electron transfer in the reaction center of Rhodobacter 
sphaeroides. The exchange of YM210 to phenylalanine caused the time constant of primary electron transfer 
to increase from 3.5 ± 0.4 ps to 16 ± 6 ps while the exchange to leucine increased the time constant even 
more to 22 i 8 ps. The results suggest that tyrosine M210 is important for the fast rate of the primary 
electron transfer. 



primary photochemical event during photosynthesis of 
bactcriochlorophyll- (BchI-) containing organisms is a light- 
induced charge separation within a transmembrane protein 
complex called the reaction center (RC). The crystal struc- 
tures of RC*s from Rhodopseudomonas (Rps,) vlridls and 
Rhodobacter (Rb.) sphaeroides have been solved to high 
resolution {reviewed In Dcisenhofer and Michel (1989). Chang 
et al. (1986), Tlede et al. (1988), and Recs et al, (1989)]. The 
RC from Rb, sphaeroides contains three protein subunits 
referred to as L. M, and H, according to their respective 
mobilities in SDS-polyacrylamide gels. Associated with the 
L and M subunits are the cofactors, consisting of four Bchl 
a, two bactcriopheophytin (Bph) a, one atom of non-hemc 
ferrous iron, two quinones (Q^ and Qb). and in some species 
one carotenoid (reviewed in Parson (1987) and Fcher et al. 

J Financial support wa» from Ui« Dcuuche ForschungsgemeinKhafl. 
SFB 143. 

*To whom oorrespondence «hould be addmsed. 



(1989)]. The cofaclore are arranged in two branches (Figure 
1) with an approximate Q axis of symmetry. The kinetic data 
support a model in which the primary electron transfer pro- 
ceeds after light absorption by the primary donor [a special 
pair of Bchl referred to as P; reviewed in Kirmaier and Holten 
(1987)]. The absorption of light generates the excited elec- 
tronic state ?*, which has a lifetime of approximately 3 ps. 
An electron is transferred from P along only one branch (the 
so-called A-branch). It is generally accepted that after ap- 
proximately 3 ps the electron arrives at the Bph on the A-side 
(Ha) and after 220 ps it reaches Q^. The role of the accessory 
Bchl located between P and (referred to as Ba) has not 
been definitely assigned. Recently, we have shown that at 
room temperature an additional kinetic (r « 0.9 ps) con^nent 
is detectable (Holzapfel el al.. 1989). The spectral properties 
and the kinetic constants lead to the conclusion that the 
corresponding intermediate is the radical pair P^B^" (Hoi- 
zapfel et ah« 1990). 
Additional intriguing points concerning the process of 
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